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ABSTRACT Wolbachia is a maternally inherited endosymbiont inducing various effects in insects 
and other invertebrate hosts that facilitate the invasion of naive host populations. One of the effects 
is a form of sterility known as cytoplasmic incompatibility (Cl) through which females are effectively 
sterilized when they mate with males harboring a different Wolbachia strain. The repeated mass 
release of cytoplasmically incompatible males can be a tool to suppress insect populations. Here, we 
attempt to infect an Aedes albopictus (Skuse) (Diptera: Culicidae) strain, artificially deprived of the 
natural Wolbachia infection, with a new Wolbachia strain from Culex pipiens (L.) (Diptera: Culicidae). 
Further experiments were designed to study the effects of the new infection on Ae. albopictus fitness 
and evaluate key parameters that affect infection dynamics, including Cl level and maternal inher- 
itance. Using embryonic microinjection, the new Wolbachia strain was successfully established in Ae. 
albopictus. Crosses demonstrated a pattern of bidirectional Cl between naturally infected and transin- 
fected individuals. Specifically, egg hatch was essentially absent (i.e., Cl was very high) in all crosses 
between the transinfected males and females with a different infection status. Furthermore, naturally 
infected Ae. albopictus males were incompatible with the transinfected females. Maternal inheritance 
was close to 100%. Moreover, the new infection did not affect immature and adult survivorship, but 
it significantly reduced female fecundity and egg hatch rate. The results are discussed in relation to 
the potential use of the new Ae. albopictus-Wolbachia symbiotic association as a suitable system for 
the study and development of Cl-based strategies for suppressing populations of this important pest 
and disease vector. 

KEY WORDS Aedes albopictus, Wolbachia pipientis, transinfection, cytoplasmic incompatibility, 
genetic control 


Aedes albopictus (Skuse) has spread rapidly in Europe, 
the Middle East, Africa, and the Americas in the last 
few decades (Lounibos 2002, Flacio et al. 2004, Sa- 
manidou-Voyadjoglou et al. 2005, Aranda et al. 2006, 
Klobucar et al. 2006, Benedict et al. 2007) , and from a 
public health standpoint, it deserves special attention 
being an efficient vector of arboviruses that can cause 
disease in humans and other animals. Recently, an 
epidemic of chikungunya virus, transmitted by Ae. 
albopictus, occurred in Northern Italy, with >200 hu- 
man cases (Angelini et al. 2007). 

The control of Ae. albopictus with conventional 
methods appears particularly difficult, mainly because 
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of the large amount of larval habitat available on pri- 
vate properties. Because of its biological and ecolog- 
ical features, such as its urban distribution, low dis- 
persal ability, the existence of structured populations 
with restriction of gene exchange between them, and 
relative ease of mass rearing, Ae. albopictus could be a 
good candidate for the application of autocidal control 
strategies such as the sterile insect technique (SIT) 
(Urbanelli et al. 2000, Bellini et al. 2007) . This control 
method is based on the use of males sterilized by 
irradiation or other means and released to mate with 
wild females, causing them to lay sterile eggs. A re- 
search project to develop the SIT approach for Ae. 
albopictus suppression was started in Italy in 1999 
(Medici et al. 2000) and pilot field trials carried out 
since 2004 provided encouraging results (Bellini et al. 
2007). 

Recently, scientists have given theoretical attention 
to the use of the Wolbachia endosymbiont bacteria as 
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part of genetic strategies for disease vector control, 
because of their ability to induce cytoplasmic incom- 
patibility (Cl) in their hosts (Bourtzis et al. 2003, 
Dobson, 2003, Bourtzis and Robinson 2006, Lo et al. 
2007, Ioannidis and Bourtzis 2007), a phenomenon of 
nonviability of embryos resulting from mating of un- 
infected females with infected males or mating be- 
tween males and females of different infection types. 
In addition, because Cl and maternal inheritance can 
cause Wolbachia to spread rapidly through a host 
population, this endosymbiont can be considered a 
potential transgene driver or, as recently demon- 
strated (McMeniman et al. 2009), an invasive life- 
shortening factor capable of modifying mosquito pop- 
ulation age structure, reducing its vectorial capacity. 

Model predictions of Wolbachia dynamics have 
been validated in cage experiments and by observa- 
tion of the dynamics of Wolbachia infections in natural 
insect populations (Sinkins and O’Neill 2000, Dobson 
2003, Sinkins and Godfray 2004, Sinkins and Gould 
2006, Ruang-areerate and Kittayapong 2006). How- 
ever, there are some major obstacles to overcome 
before this approach can be successfully practiced in 
the field: complete Cl, high maternal inheritance, and 
no detectable fitness loss in the infected individuals. 

The release of Cl expressing males, today known as 
Incompatible Insect Technique (IIT) (Boiler et al. 
1976, Ioannidis and Bourtzis 2007), is functionally 
equivalent to the sterile insect technique, but with the 
advantage that males do not need to be exposed to 
damaging irradiation or chemosterilants that might 
lower their mating competitiveness (Andreasen and 
Curtis 2005, Helinski and Knols 2008). This approach 
was successfully put in practice for the first time in 
Myanmar by Laven (1967) to suppress Culex pipiens 
(L.). From the analysis of 350 crosses between strains 
of the Cx. pipiens complex from Europe, North Amer- 
ica, Asia, and Africa, the author had classified the 37 
strains into 17 crossing types, based on pattern of Cl, 
allowing for the identification of a suitable strain for 
applying the IIT strategy. Cx. pipiens is today known 
to harbor a Wolbachia strain designed as ix>Pip, a mem- 
ber of the Wolbachia supergroup B (Zhou et al. 1998, 
Behbahani et al. 2005). Wolbachia tuPip is the only 
strain reported from the Cx. pipiens group and, as 
reported above, induces an unusually complex series 
of crossing types, including partial or complete Cl that 
can be unidirectional or bidirectional, which contrasts 
with the very low degree of genetic diversity observed 
in tuPip (Sinkins et al. 2005, Duron and Weill 2006). 

Application of IIT strategy against additional mos- 
quito species is restricted by the inability to identify 
different natural infection types. Ae. albojhctus, in fact, 
is reported to be uniformly superinfected with two 
Wolbachia strains (tcAlbA and icAlbB) throughout its 
geographical distribution (Zhou et al. 1998, Dobson et 
al. 2001, Calvitti, unpublished data, Sinkins et al. 1995) 
and no evidence of crossing type polymorphism has 
been reported. Therefore, it will be possible to de- 
velop a Cl-based strategy to suppress Ae. albopictus 
(IIT) only by using artificially generated incompatible 
infection types. Transfer of Wolbachia (‘transinfec- 


tion’) between two insect species may be accom- 
plished via microinjection of Wolbachia infected oo- 
plasm in recipient insect embryos. In the case of Ae. 
albopictus, the production of an incompatible strain 
may be done (1) via microinjection of an additional 
Wolbachia strain, resulting in a triple infection) , or (2) 
by removing the natural double-infection and then 
generating a transinfected line harboring a single new 
strain of Wolbachia. Although for “population replace- 
ment” purposes a triple infection is necessarily re- 
quired to replace the double-infection, for “popula- 
tion suppression (IIT) ” a single incompatible infection 
seemed more appropriate because it may overcome 
the risk that accidentally released triple-infected fe- 
males could lead to the diffusion or eventually to the 
fixation of new infection types (Dobson et al. 2002) in 
the host field population. 

Previous transfers of Wolbachia into novel mosquito 
species (transinfection) have been experimentally 
achieved by microinjection with various results. A 
transinfected strain of Ae. aegypti (L.) showing com- 
plete Cl was obtained by embryonic microinjection of 
cytoplasm carrying the wAlbB Wolbachia from Ae. 
albopictus (Xi et al. 2005b). Recently, a stable intro- 
duction of a life-shortening Wolbachia (wMelPop) 
infection from Drosophila melanogaster Meigen also 
has been successfully achieved in the same mosquito 
species (McMeniman et al. 2009). 

Previous attempts to modify the infection status of 
Ae. albopictus have been restricted to Wolbachia 
strains harbored in Drosophila species. Xi et al. (2006) 
reported the interspecific transfer of Wolbachia (icRi) 
from D. simulans Sturtevant to Ae. albopictus. Imper- 
fect Cl and vertical transmission failure were observed 
together with a lower mating competitiveness in 
transinfected males. Because success of Wolbachia- 
based strategies relies on a high level of induced Cl, 
low fitness costs and high frequency of vertical trans- 
mission, the identification of more appropriate Wol- 
bachia strains to transfer to Ae. albafiictus is a research 
priority. In the current study, we artificially trans- 
ferred, by microinjection technology, Wolbachia from 
Cx. pipiens to embryos of an aposymbiotic strain of Ae. 
albopictus. 

In addition to describing transinfection results, we 
report on biological assays designed to study infection 
parameters characterizing the new host-Wolbachia as- 
sociation such as Cl level, fitness costs and maternal 
inheritance. These results are discussed in relation to 
the possibility of using the new Ae. albopictus-Wol- 
bachia symbiosis as a suitable system for the study and 
development of Cl-based strategies to suppress Ae. 
albopictus populations. 

Materials and Methods 

Mosquitoes. Cx. pipiens molestus (Forskal) and an 
aposymbiotic Ae. albopictus line were used as Wolba- 
chia donor and recipient, respectively. A laboratory 
colony of superinfected Ae. albopictus also was used in 
tests to characterize the new transinfected strain. Cx. 
pipiens molestus was furnished by the CAA laborato- 
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ries (Centro Agricoltura e Ambiente, Crevalcore, Bo- 
logna, Italy), originating from individuals collected in 
Granarolo (Bologna) in 1992 and then continuously 
reared without blood meal, selecting for autogeny. 
This strain was found to be uniformly infected (20/20 
tested adults) with Wolbachia by polymerase chain 
reaction (PCR) assay (see below). Polymerase chain 
reaction (PCR) products were then sequenced to 
identify the w;Pip strain (GenBank a.n. AF301010). 

Both Ae. albopictus lines were derived from a stock 
colony established from individuals collected in An- 
guillara Sabazia, a few kilometers north of Rome, and 
named SR (Superinfected Rome). The aposymbiotic 
line was generated by tetracycline treatment of the SR 
strain (Dobson and Rattanadechakul, 2001). After 
mating, treated females were separated and allowed to 
oviposit individually. Females then were analyzed by 
PCR and only the progeny of uninfected females (i.e., 
negative using Wolbachia wsp primers) were main- 
tained. Progeny from infected females were dis- 
carded. Adults of the next three generations were 
similarly treated, resulting in a stable aposymbiotic 
line, named AR (Aposymbiotic Rome line). Rearing 
was carried out for three generations without tetra- 
cycline before starting the experiments. A subsample 
of individuals was checked periodically for Wolbachia 
infection and was consistently verified to be PCR 
negative. 

To ascertain the capability of the wPip Wolbachia 
strain to induce Cl in its natural host, an aposymbiotic 
line of Cx. pipiens was also generated using the meth- 
ods described above for Ae. albopictus. Eggs from 
crosses between infected males and virgin aposymbi- 
otic females evidenced strong Cl induction similar to 
precedent observations (Barr 1980, Rasgon and Scott 
2003, Sinkins et al. 2005, Duron and Weill, 2006). 

Colonies were maintained in the laboratory under 
standard conditions at 27 ± 1°C; 75 ±10% RH and with 
a 14:10 h photoperiod. Larvae of both Ae. albopictus 
and Cx. pipiens were reared at a density of one larva 
per 5 ml water, in plastic trays containing dechlori- 
nated water, provided with an aeration tube and aug- 
mented with a powder obtained by crushing dry cat 
food (Friskies Adults). Adults were maintained in 
cages (40 X 40 X 40 cm) and offered 10% sucrose. Ae. 
albopictus females also were provided with fresh me- 
chanically defibrinated bovine blood using a thermo- 
static apparatus (Bellini et al. 2002). Eggs were ovi- 
posited on paper towels in cups partially filled with 
water. Anesthetized mice were used to provide blood 
meals during Cl, longevity and maternal inheritance 
tests in accordance with the Bioethics Committee for 
Animal Experimentation in Biomedical Research and 
following procedures approved by the ENEA Bioethi- 
cal Committee. Plastic trays containing dechlorinated 
water were provided continuously for Cx. pipiens fe- 
males for oviposition. Egg rafts were collected daily 
and then transferred into the rearing pans. 

Wolbachia Diagnosis. PCR assays were performed 
by using diagnostic wsp primers (81F-691R) that am- 
plify a region of the gene encoding the Wolbachia 
outer surface protein (wsp) and allow for a classifi- 


cation of different Wolbachia strains (Zhou et al. 
1998) . DNA was extracted from individual mosquitoes 
by dissecting and homogenizing ovaries or testis of 
adults in 100 pi STE with 0.4 mg/ ml proteinase K (Xi 
et al. 2005a) . The PCR cycling procedure used was: 
94°C for 5 min followed by 35 cycles of 94°C for 30 s, 
55°C for 30 s, 72°C for 30 s and a single final step at 72°C 
for 10 min. Amplified fragments were electrophoresed 
on 2% agarose gels, stained with ethidium bromide ( 1 
jug/ ml) and visualized under ultraviolet light. DNA 
template quality was assessed by amplifying a frag- 
ment of the insect mitochondrial cytochrome oxidase 
I (COI) DNA, using the primers CI-J-1751 and CI-N- 
2191 (Simon et al. 1994). To identify the Wolbachia 
strain in adults developed from microinjected em- 
bryos, the PCR products were purified by a QIAquick 
Extraction Kit (QIAGEN, 2002) and sequenced by an 
ABI Prism 3730 DNA analyzer (Applied Biosystems 
Inc., Foster City, CA) at Genechron laboratory (C.R. 
ENEA Casaccia, S. Maria di Galeria, Roma, Italy). 

Transinfection Procedure. Microinjection of Ae. al- 
bopictus embryos was performed according to tech- 
niques already used for mosquito transgenesis and 
transinfection (Xi et al., 2005a, Xi and Dobson 2005). 
Cytoplasm was withdrawn from the posterior pole of 
Cx. pipiens eggs by a quartz microcapillary needle and 
then injected into the posterior of recipient AR strain 
embryos (**90 min old) using an IM300 microinjector 
(Narishige Scientific: Tokyo, Japan). 

After 5 d of development, the eggs were hatched by 
using a nutrient broth hatching medium (Bellini et al. 
2007), and eclosing larvae were reared to the adult 
stage. G 0 females, isolated as pupae to assure virginity, 
were mated with AR males and then provided with a 
blood meal. After oviposition, the infection status of 
females and males was ascertained by PCR analysis, 
and the resulting amplicons were sequenced to con- 
firm the Wolbachia infection type. Progeny of infected 
females were selected to establish a new transinfected 
Ae. albopictus strain, ARuiP (AR; icPip infected). To 
reduce potential of inbreeding effects, infected ARieP 
females were mated with AR males for five genera- 
tions. 

Maternal Inheritance. During the ARu;P line estab- 
lishment, the first 11 generations were monitored for 
transmission efficiency of Wolbachia infection. At 
each generation, females were outcrossed with AR 
males to avoid an overestimation of vertical transmis- 
sion because of Cl (i.e., resulting from the death of 
uninfected embryos). All the C r C 4 adults were PCR 
assayed for Wolbachia tuPip infection and infected 
offspring were chosen to start a new generation. Start- 
ing from G 5 , the maternal inheritance rate was esti- 
mated until ARk;P G n by assaying 10 daughters and 10 
sons for each of three isolated females (mothers), 
chosen at random, by PCR. 

Fitness Effects. Age-Specific Adult Survival, Fecun- 
dity, and Egg Hatching. SR, AR, and ARtcP (G 7 ) adults 
were placed separately in 40 X 40 X 40 cm screened 
cages within climatic chambers maintained under the 
environmental conditions listed above and with con- 
tinuous access to 10% sucrose solution. Each treatment 
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consisted of 20 males and 20 females of similar age (3 ± 
2 d old). Dead insects were removed daily, counted 
and their sex determined. At 1 wk intervals, females 
were blood fed and eggs were collected. Each treat- 
ment was replicated four times and continued until all 
the mosquitoes died. 

F ecundity was estimated for each replicate cage and 
for each gonotrophic cycle, by dividing the total num- 
ber of eggs by the number of surviving females. Mean 
life-time fecundity also was estimated. Five days after 
oviposition, a standard hatching procedure was ap- 
plied to measure percent egg hatching, as described 
above. Egg hatch was scored 24 h after eggs were 
immersed in the hatching medium. 

According to Dobson et al. (2004), survival curves 
(considering 80 individual mosquitoes per sex as ex- 
perimental units) of the three different lines (ARwP, 
SR, and AR) were output and compared using the 
Kaplan-Meier method (Kaplan and Meier 1958) and 
log-rank (Mantel-Cox) test (Bland and Altman 2004). 
Mean survival for each mosquito line, with standard 
error and 95% confidence intervals, were calculated 
using the statistical software Unistat 5.6 (Hearne Sci- 
entific Softwares, Melbourne, Australia) . 

One-way repeated-measures AN OVA was used to 
compare fecundity and egg hatch data obtained from 
the four replicate cages. ANOVA-Bonferroni test was 
used for multiple statistical comparison of fecundity 
and egg hatch. Normality of the experimental data 
were determined by the Bartlett-Box F test. 

Survivorship and Length of Development of Imma- 
ture Stages. Larval rearing pans were established with 
50 first instars and 4 mg dry cat food powder/ larva in 
300 ml of dechlorinated water. Food was provided as 
described in Bellini et al. (2007). Four replicate pans 
for each of the three populations were maintained at 
25 ± 0.5°C and a photoperiod of 14L:10D. At day 4, 
larvae were transferred to new pans with new water 
and an additional 1 mg dry cat food powder/ larva. 
Pupae were removed daily and placed individually in 
labeled test tubes. Emerged adults were counted and 
their sex determined. A Wilcoxon test, adjusted by 
Bonferroni correction, was used to test whether du- 
ration of immature stage development was statistically 
different among lines. Percent survivorship from larval 
to pupal and from pupal to adult stage as well as sex 
ratio were calculated and means compared across 
lines by ANOVA-Bonferroni test. Normality of the 
experimental data were determined by the Bartlett- 
Box F test. 

Life Table Statistics and Growth Parameters. Data 
on survivorship and length of development of the 
different stages, mean fecundity for each gonotrophic 
cycle and sex ratio of the progeny were used to con- 
struct life tables with demographic growth parameters 
using methods applied previously to Cx. tarsalis Co- 
quillett (Reisen et al. 1984, Mahmood et al. 2004). 

Age specific fecundity (m x ), expressed in female 
eggs per living females per day, was calculated by 
multiplying the number of eggs laid per mean hatching 
rate and proportion of female progeny (sex ratio). At 
each gonotrophic cycle, age specific reproductive ef- 


fort (l x m x where l x is the proportion living on day x) 
was used to estimate generation time (T) and then 
summed to estimate reproductive effort for genera- 
tion (R o) . The approximate rate of population increase 
per female per day was calculated as r m = ln(R 0 ) IT. 
Life table parameters were then compared among the 
three mosquito lines by one-way AN OVA and Bon- 
ferroni comparison test. 

Crossing Experiments and Cl. Crosses of ARrnP 
(G 5 ) adults (2-4 d old) were characterized the pat- 
tern of Cl with the SR and AR strains. Pupae from the 
three strains were isolated in test tubes for emergence 
to assure virginity. For each crossing type, 10 females 
and 10 males were kept together in mating cages (40 X 
40 X 40 cm) over a 24 h period. Subsequently, the 
female groups were blood fed and provided with ovi- 
position cups. Eggs were counted and hatched after 
5 d of development as previously described. Cl ex- 
pression was based upon egg hatch rate. In crosses 
with no egg hatching, females were dissected to check 
for the presence of spermatozoa. Unmated females 
were excluded from the data set and the cross re- 
peated. 

ANOVA-Bonferroni test was used for multiple sta- 
tistical comparison of results from crosses. Normality 
of the experimental data were determined by the 
Bartlett-Box F test. 

Results 

Establishment of the Wolbachia trPip Infection in 
Ae. albopictus. There was ==7.6% of 1,994 Ae. albopictus 
embryos that survived the transinfection procedure. 
From 152 larvae, 109 adults were obtained (corre- 
sponding to 5.5% of the microinjected eggs) , of which 
11% were infected with wPip Wolbachia. Among all 
females, five u>Pip infected individuals were found. 
Two females died before blood feeding and an addi- 
tional female failed to blood feed, despite repeated 
opportunities. The remaining two females produced 
progeny and were used to start separate transinfected 
lines ( ARmPl and ARmP2) . Our experiments used the 
ARrnPl line. 

Maternal Inheritance. As shown in Fig. 1, transmis- 
sion efficiency of Wolbachia mPip was relatively low 
in G x (48.1%; n — 27), but increased in subsequent 
generations; 86.0% and 93.4% of the individuals tested 
positive in PCR assays at G 2 (n = 50) and G 3 ( n = 76), 
respectively. All but two individuals of the G 4 progeny 
( n = 126) were infected by Wolbachia (95% binomial 
confidence interval between 0.97 and 1). One unin- 
fected male was found out of n = 60 adults in G s (95% 
binomial confidence interval between 0.95 and 1). 
Vertical transmission was stably maintained at this 
level in the following generations. Uninfected indi- 
viduals were not subsequently observed in 60 adults 
tested per generation during G 6 to G n . 

Fitness Effects. Adult Survival. Differences in fe- 
male survival were found between ARmP and SR line 
(Fig. 2) . In specific, a significantly lower median adult 
longevity was observed comparing ARiuP (36 ± 1.4 d) 
to SR females (42 ± 1.7 d) (log-rank statistics y 2 = 
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□ wPip infected □ uninfected 



Generation 

Fig. 1. Transmission efficiency of the icPip infection in 
the ARieP strain during the first 11 generations after micro- 
injection. Only infected mosquitoes were used to produce 
the next generation. G 1 -G 4 : n = 27, 50, 76, 126, respectively; 
G 5 -G n : n = 60. 


5.17; df = 1; P = 0.022). Differences between ARtuP 
andAR (40 ± 1.4 d) females were not significant = 
0.2; df = 1; P = 0.65) . SR females were also significantly 
longer-lived compared with uninfected AR females 
(/ = 4.53; df = 1; P = 0.033) . ARieP males lived 33 ± 
1.8 d, while SR and AR males lived 34.7 ± 1.8 and 
34.6 ± 1.8 d, respectively (Fig. 3). In this case, the 
statistical analysis did not reveal significant differ- 
ences among Wolhachia infection types = 1.24; 
df = 2; P = 0.54). 

Fecundity and Egg Hatching. The oviposition rate 
per female was significantly different comparing the 
three lines (repeated measure ANOVA: F = 9.37; df = 
2,54; P < 0.0001). ARwP females were observed to 
produce fewer eggs than superinfected and aposym- 
biotic females (ANOVA-Ronferroni test) (Fig. 4). 

Fecundity patterns over time showed some differ- 
ences for the three mosquito lines: in SR females, 
oviposition peaked in the second gonotrophic cycle, 
while in AR and ARicP females, the mean number of 
eggs /female declined after the first oviposition. The 
mean number of eggs laid by ARieP females over their 
lifetime was 167.8 ± 23.6, which was significantly 
fewer than the 289.3 ± 19.1 and 251.0 ± 21.4 eggs / 



Fig. 2. Comparison of adult female longevity by Wolha- 
chia infection type. Day number indicates time post emer- 
gence. 



Fig. 3. Comparison of adult male longevity by Wolhachia 
infection type. Day number indicates time post emergence. 

female laid by SR and AR females, respectively (F = 
8.4; df = 2,9; P< 0.01). 

Eggs responded readily to the hatching medium, 
regardless of the infection type. However, as illus- 
trated in Fig. 5, percent egg hatch rate, computed as 
a means (±SE), declined slightly over time and was 
significantly lower in the ARioP line (43.4 ± 2.9) 
relative to SR (78.8 ± 2.8) and AR (74.4 ± 3.6) (F = 
40.87; df = 2,54; P < 0.001). 

Immature Survival and Developmental Time. No 
significant differences were found in larval ( P = 0.86) 
and pupal survivorship (P = 0.1 ) among the three lines 
(Table 1). Sex ratio (number of females per total 
number of adults) of the ARicP line was lower than in 
the other two lines, but the difference was not statis- 
tically significant ( P = 0.35). Developmental time of 
the immatures also did not significantly differ between 
the three lines (P = 1 .00 comparing AR with both SR and 
ARicP; P = 0.84 comparing ARtoP with SR) (Table 1 ) . 

Life Table Parameters. When tested by one-way 
ANOVA and Bonferroni multiple comparison test, 
mean net reproductive rate (R 0 ) (F = 60.83; df = 2,9; 
P < 0.001) and intrinsic rate of increase r m (F = 14.45; 
df = 2,9; P = 0.0015) were significantly lower for the 
ARicP line than for the AR and SR lines (Table 2) . The 
difference between the mean net reproductive rate 
(R 0 ) found in the SR and AR lines was significant at 
the 5% level (P = 0.018). 



Fig. 4. Comparison of female fecundity by Wolhachia 
infection type. Week number indicates time post emergence. 
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Week 

Fig. 5. Comparison of percent egg hatch by Wolbachia 
infection type. Week number indicates time post emergence. 

In contrast, no significant differences were ob- 
served in mean generation time (T) across the mos- 
quito lines. Mean estimate for population doubling 
times in days (D t ) were lower in SR and AR lines (5.8 
and 6.2 d, respectively) and higher (8.6 d) in ARwP. 
This difference was significant (F = 7.56; df = 2,9; P = 
0 . 012 ). 

Cl Expression in Transinfected Ae. albopictus. 
Crosses hypothesized to be compatible (i.e., crosses 
between individuals with similar infection type) 
showed high hatch rates (Table 3). Among the com- 
patible crosses, percent egg hatch of the ARwP line 
was significantly lower (56.2 ± 5.0%) than the egg 
hatch observed in SR (85.4 ± 1.9%) and AR (83.2 ± 
2.7%) crosses, consistent with the findings of the ex- 
periment examining life-time egg hatch within the 
three lines (Fig. 5). Given that the wPip strain of 
Wolbachia causes strong Cl in its natural host Cx. 
pipiens, crosses between SR, AR, and ARwP were 
conducted to determine whether the wPip infection 
also caused Cl in Ae. albopictus. The ability of the new 
infection in ARwP to induce Cl was measured as the 
level of embryo hatch resulting from crosses in which 
ARwP males had mated with females differing in their 
infection status (uninfected or naturally superin- 
fected; see Table 3) . 

Three embryos developed out of 1,997 eggs (0.15 ± 
0.1% hatch rate) obtained from crosses between 
transinfected ARwP males and AR females. The re- 
ciprocal cross (ARwP females X uninfected AR 
males) produced on average 55.7 ± 3.35% hatch, not 


Table 1. Duration of development from LI to adult stage (d), 
larval and pupal survival rate and sex ratio of the three Ae. albop- 
ictus luies 


Line 

LI -adult 

% pupation 

% 

emergence 

% females 

SR 

AR 

ARaP 

12.15 ± 0.2a 
12.28 ± 0.2a 
12.30 ± 0.2a 
WB 

86.5 ± 3.0a 

88.5 ± 2.2a 
87.0 ± 2.6a 

AB 

93.6 ± 1.2a 

94.9 ± 0.7a 

91.9 ± 0.5a 
AB 

49.0 ± 0.8a 
49.7 + 1.2a 
47.5 ± 0.9a 
AB 

Average ± SE; four r 
column, means with the 

eplications of 50 individuals each; within a 
same letter are not significantly different at 


the 5% level by: AB, ANOVA-Bonferroni multiple comparison; WB, 
Wilcoxon-Bonferroni test. 


Table 2. Comparison of life table data across the three Ae. 
albopictus luies 


Line 

R 0 

T 

r m 

D t 

SR 

105.3 ± 5.0a 

39.4 ± 0.7a 

0.12 ± 0.0005a 

5.9 ± 0.1a 

AR 

80.3 ± 6.0b 

39.1 ± 0.3a 

0.11 ± 0.0025 a 

6.2 ± 0.1a 

ARicP 

25.7 ± 4.6c 

38.4 ± 1.5a 

0.08 ± 0.0084b 

8.6 ± 0.9b 


Average ± SE; within a column, means with the same letter are not 
significantly different by ANOVA-Bonferroni multiple comparison 
test at the 5% level. 


different from the results of the ARwP compatible 
crosses (Table 3) . Egg hatch was essentially absent in 
crosses between ARwP males and superinfected SR 
females. No viable eggs (i.e., high Cl) were found in 
the reciprocal cross between SR males and ARwP 
females. Therefore, SR and ARwP were bidirection- 
ally incompatible. 

Discussion 

Previous attempts to establish a Wolbachia infection 
in Ae. albopictus for use in an applied suppression 
(HT) or population replacement strategy have not 
yielded appropriate strains. Moreover, successful 
transfers of Wolbachia between mosquito species be- 
longing to different tribes of the family Culicidae have 
not been reported. 

In the current study, we established and character- 
ized a new infection in Ae. albopictus (ARwP line) by 
transferring the wPip Wolbachia strain withdrawn 
from Cx. pipiens molestus. According to models devel- 
oped to describe Wolbachia infection dynamics in 
Drosophila species (Hoffman et al. 1990), we focused 
our investigations on three parameters of primary im- 
portance in determining the potential utility of the 
ARwP line and designing effective strategies for ap- 
plicative purposes: (1) maternal inheritance, that is, 
rates at which infection is maternally transmitted; (2) 
fitness costs, that is, the impact of the new infection on 
female fitness parameters (fecundity, egg hatching, 
survival); and (3) the level of cytoplasmic incompat- 
ibility. 


Table 3. Egg hatch among crosses of the three Ae. albopictus 
lines 


Cross 

Infection type 

Egg 

Eggs 

Female Male 

hatch (%) 

scored 


SR X SR 

tcAlbA, 

icAlbB 

icAlbA, 

icAlbB 

85.4 ± 1.9a 

2155 

AR X AR 

— 

— 

83.2 ± 2.7a 

2010 

ARwP X ARtcP 

tcPip 

icPip 

56.2 ± 5.0b 

1848 

AR X ARicP 

— 

toPip 

0.1 ± 0.1c 

1997 

ARicP X AR 

icPip 

icPip 

52.7 + 3.1a 

1329 

SR X ARu;P 

tcAlbA, 

icAlbB 

icPip 

0.2 ± 0.1c 

2129 

ARicP X SR 

icPip 

icAlbA, 

tcAlbB 

0 c 

1696 


Average percentage ± SE; within a column, means with the same 
letter are not significantly different by ANOVA-Bonferroni multiple 
comparison test at the 5% level. 
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The u;Pip infection was stably maintained in the 
transinfected line. PCR assays showed that in the prog- 
eny of infected mothers, vertical transmission rapidly 
increased. From G 6 , maternal inheritance was in ex- 
cess of 95%, consistent with the prior characterization 
of natural double infection (Kittayapong et al. 2002) 
or artificial single icAlbB infection (Xi et al. 2005a). 
The high level of vertical transmission observed in the 
transinfected ARmP Ae. albopictus was similar to the 
high efficiency in vertical transmission observed in the 
transinfection of Ae. aegijpti using as donors Ae. al- 
bopictus (Xi et al. 2005b) or D. melanogaster (u>Mel- 
Pop strain) (McMeniman et al., 2009). Maternal in- 
heritance is a critical point for assuring the stability of 
a new infection during subsequent generations. 

In naturally superinfected Ae. albopictus, the infec- 
tion with wAlbA and wAlbB Wolbachia is associated 
with a fitness advantage for the infected females in 
terms of higher fecundity and longevity if compared 
with an artificially generated aposymbiotic strain 
(Dobson et al. 2004). In contrast, infection removal 
was not observed to affect male fitness in terms of 
longevity, mating performances and sperm capacity 
(Calvitti et al. 2009). Herein, we analyzed how tuPip 
infection effects adult longevity (both sexes) and fe- 
male fitness (i.e., fecundity and egg hatching rate). 
Although we did not observe differences in male lon- 
gevity, some differences were observed comparing 
females across the three lines. The naturally SR fe- 
males were longer-lived than the other two strains, 
whereas the difference between AR and ARiuP female 
longevity was slight and nonsignificant. Therefore, 
differences in female longevity did not appear to be 
because of the u'Pip infection, but to characteristics of 
the AR strain compared with the SR strain, possibly 
determined by differences in genetic variability. 

Significant effects on immature survivorship be- 
cause of the new infection were not observed. In 
contrast, significantly reduced fecundity and egg 
hatch were observed in association with the new in- 
fection type in ARmP females, relative to SR and AR 
strains. During their lifetime, transinfected females 
laid on average 42 and 32% less eggs than SR and AR 
females, respectively. Moreover, eggs laid by transin- 
fected females showed a 45 and 42% lower hatching 
rate compared with SR and AR, respectively. In agree- 
ment with these results, the analysis of life table 
growth parameters (R 0 , r m , T, and D t ) confirmed that 
the new infection significantly altered the life table 
characteristics in Ae. albopictus , affecting negatively 
the population growth capacity. However, a recent 
repetition of the tests on ARicP line fitness parameters 
(G 12 ) have shown a significant increase in mean fe- 
male fecundity and just a slight increase in percent egg 
hatch (with R 0 and r m increasing up to 35.7 ± 10.4 and 
0.10 ± 0.003, respectively; unpublished data). These 
new results indicate, according to Boyle et al. (1993), 
that negative fitness effects associated with the new 
Wolbachia infection could attenuate after continued 
selection. 

High rates of unidirectional and bidirectional Cl 
(=100%) were observed in crosses between the new 


transinfected strain (ARiuP) and individuals belong- 
ing to aposymbiotic (AR) and naturally infected (SR) 
populations, respectively. Crossing results demon- 
strated that icPip Wolbachia retained the ability to 
induce and rescue the Cl modification in Ae. albop- 
ictus, similarly to the Cl levels caused by the natural 
icAlbA and u>AlbB infections (Xi et al. 2005a). The 
tuPip infection in A Bn. P females was not able to rescue 
the Wolbachia-induced sperm modifications caused 
by the u>AlbA and ?/.' All) B superinfection in male Ae. 
albopictus. Additional experiments are required to de- 
termine whether the u.'AlbA or u.-AlbB single infec- 
tions are able to partially rescue the modification 
caused by tuPip Wolbachia, 

Because the tuPip infection is the result of transin- 
fection experiments and not of a long-term host-sym- 
biont coevolution, a high fitness cost could be ex- 
pected as well as a low transmission rate and strong Cl, 
according to Clancy and Hoffmann (1997). Results 
presented here agreed, in part, with this prediction. 
Specifically, we found a significant fitness cost asso- 
ciated with high levels of Cl and vertical transmission 
efficiency. Although the mechanisms of the transmis- 
sion process are not completely known, it appears that 
high level of transmission rate and degree of Cl ex- 
pression are both positively correlated with the den- 
sity of Wolbachia in the adults (Sinkins et al. 1995, 
Guilleamaud and Rousset 1997, Ruang-areerate and 
Kittayapong 2006); nevertheless, uncontrolled repli- 
cation of bacteria and high density may be costly to the 
host. This should be ascertained for the association 
between Ae. albopictus and luPip Wolbachia and re- 
quires further investigations focused on the relation- 
ship between bacterial density and fitness costs. 

Despite the fitness cost imposed by the infection 
with icPip strain, the complete bidirectional Cl ob- 
served between ARicP and the naturally superin- 
fected SR strain, coupled with the high efficiency in 
maternal inheritance, indicated the potential for a 
modified Cl-based control strategy for Ae. albopictus. 
Specifically, the results support a strategy of classic IIT 
by the release of i (.'Pip-infected males, which are bi- 
directionally incompatible with naturally superin- 
fected Ae. albopictus mosquitoes. In addition, the re- 
sults also support the downstream development of a 
u;Pip triple infection in Ae. albopictus, which may have 
characteristics appropriate for the invasion and re- 
placement of naturally superinfected Ae. albopictus in 
field. With regard to the latter strategy, it may be that 
a successful transinfection of mPip Wolbachia into 
u;AlbA-i( AlbB infected Ae. albopictus is easier to 
achieve if the donor is Ae. albopictus and not Cx. 
pipiens. 

The preliminary application of the sterile insect 
technique against Ae. albopictus gave encouraging re- 
sults (Bellini et al. 2007). From our point of view, the 
use of the Cl inducing ARieP males could result in an 
added value to this strategy of genetic control, in terms 
of reduced cost, simplified rearing methods and in- 
creased male competitiveness. However, it needs to be 
ascertained if the possible advantages could be coun- 
terbalanced by the observed negative effects on fe- 
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male fitness, in particular the reduction in fecundity, 
that could make mass rearing less efficient. 

Consequently, starting from the encouraging out- 
come of the experiments reported herein, further re- 
search should focus on: (1) investigating the causes of 
the observed fitness costs; initially, by studying sym- 
biont density and distribution in the new host; (2) 
attempts to attenuate fitness costs by consecutive se- 
lection; (3) study of male mating competitiveness and 
residual fertility of transinfected (single and triple) 
and radio sterilized males. 
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